In malunion cases, restoration of anatomy is a key factor in obtaining a good functional outcome, but this can be technically very challenging.
Introduction
Upper limb fractures are common injuries and affect people of all ages. As clinical studies have shown a significant correlation between anatomical reduction and joint function, reconstruction of normal anatomy is one of the key factors in achieving a successful clinical outcome. [1] [2] [3] [4] [5] [6] [7] 11 For simple fractures, treatment decisions can be based on two-dimensional imaging modalities (radiographs and cross-sectional CT and MRI images). For more complex injuries, such as comminuted, displaced or intra-articular fractures, the use of three-dimensional (3D) technology allows surgeons to understand injury characteristics and fragment displacement better, assist in an accurate preoperative planning and surgical simulation, and select the most appropriate implants for internal fixation. 8, [10] [11] [12] Based on this, patient-specific bone models can be 3D printed, sterilized and used in the operating room.
Non-union and malunion are the most common serious complications of upper limb fractures, and often lead to chronic pain, functional impairment and late degenerative changes. 2, [18] [19] [20] [21] [22] Further treatment is often indicated, and reconstruction of normal anatomy is the preferred treatment option but can be technically challenging. Three-dimensional technology allows precise visualization and quantification of the deformity and virtual planning of reconstructive procedures, based on the normal anatomy of the contralateral side. Patient-specific instruments and implants can be designed, allowing computerplanned correction in the operating room and leading to a more predictable outcome.
In this article we describe the surgical techniques and our experience with 3D technology in the treatment of non-unions and malunions of the upper limb, illustrated through four specific cases.
Pre-operative planning
When a patient presents with a non-union or a symptomatic malunion of the upper limb, high resolution bilateral computed tomography (CT) scans of both limbs are obtained according to a specific protocol (slice thickness 0.4 mm, slice increment 0.2 mm, pixel size 0.29 mm, 120 kVp). The DICOM images of the CT scan are loaded into medical image processing software (Mimics Medical, Materialise NV, Technologielaan 15, 3001 Leuven, Belgium) and the individual bones are segmented and converted into 3D STL (stereolithography) files. A mirrored version of the normal contralateral bone is superimposed over the non-united or malunited bone, which enables us to three-dimensionally evaluate the deformity intuitively and quantitatively. Subsequently, for non-union cases, a virtual reduction of the fracture fragments is performed, and the most appropriate implant for fixation is selected. Anatomical models are 3D printed in medical grade material and sterilized to be used during the surgical procedure. These models can also help patients to understand their condition, which improves patient compliance.
For malunited fractures, a virtual corrective procedure is planned using specific computer software (3-Matic, Materialise NV, Technologielaan 15, 3001 Leuven, Belgium). Osteotomies are simulated, and bone fragments are reduced to their anatomical position. Furthermore, the most appropriate implant for fixation is selected and positioned onto the re-positioned bone fragments, and the ideal orientation and length of screws can be determined. To reproduce the virtual surgical plan in the operating room, patient-specific guides and, if necessary, patient-specific implants, are designed and manufactured through 3D printing.
Surgical technique 25
The choice of surgical approach depends on the fracture site. For example, for distal radius malunions, a modified Henry approach is used. A clear exposition of the malunion site is necessary to fit the patient-specific drilling guide closely onto the bone at the pre-determined location. The guides are then secured with K-wires. Fluoroscopy, as well as the printed surgical bone model, can be useful to confirm this planned position. Especially for corrections of the forearm, this can be challenging due to the pronounced cylindrical shape of both the radius and ulna. All the trajectories for later screw insertion are pre-drilled. In cases of malunion, the drilling guide is removed and replaced by the cutting guide, over the retained K-wires, to perform the osteotomy along the pre-planned plane. A standard, pre-bent, or custom-made plate is fixed with screws into the pre-drilled holes, automatically leading to the planned reduction. Autologous bone grafts are used to fill the defect at the osteotomy site. A patient-specific instrument can also be designed and printed to reproduce the predetermined size of the graft accurately. Arthroscopy can be performed to check the anatomical reduction of intraarticular fragments.
Post-operative treatment
The post-operative management depends on the type of deformity and correction as well as the bone quality and fixation method.
Clinical cases

Case 1
A 24-year-old motorcyclist sustained a fracture at the waist of the scaphoid, which was treated with cast immobilization for 12 weeks. He suffered from activity-related pain and continuous swelling of the wrist. Examination showed limited motion and weakness. As shown in Fig. 1a , a nonunion of the scaphoid was present on the CT-scan six months after the injury. To avoid long-term wrist problems, further surgical treatment was planned.
To correct the angular and rotational deformity of the scaphoid (Fig. 1b 3D technology was used to simulate the reduction of the fracture fragments and restore normal anatomy, based on the mirrored contralateral side (Fig. 1c ). An additional informed consent for the use of 3D technology was signed by the patient. The residual bony defect of the scaphoid was measured three-dimensionally, and a vascularized medial femoral condyle graft was designed accordingly (Fig. 1d) . A classic volar approach of the scaphoid, next to the flexor carpi radialis (FCR) tendon, was performed. The information obtained using 3D technology facilitated precise anatomical reconstruction of the scaphoid in the operating room. A scaphoid splint was provided for six weeks. After cast removal the patient could start with passive and active range-of-motion exercises. Bony consolidation was acheived at three months post-operatively. The pain had decreased, and symptoms improved further with rehabilitation ( Fig. 1e) .
Case 2
A 48-year-old woman had a comminuted and highly displaced intra-and extra-articular fracture of the distal radius. An external fixation device and K-wires had been placed elsewhere as initial treatment. Residual deformity on radiographs had been accepted because of concomitant injuries (Fig. 2a) . Although the fracture healed completely, both intra-and extra-articular deformities were present. The patient suffered from significant pain (VAS 8/10) and had a pre-operative Quick-DASH score of 62. Given the complexity of the fracture, the decision was made to perform a corrective osteotomy using 3D technology. An additional informed consent for the use of 3D technology was obtained.
Three-dimensional STL files of the malunited distal radius were produced, and the mirrored version of the healthy contralateral side was superimposed on the malunited side. A virtual intra-and extra-articular corrective osteotomy was planned to restore normal anatomy (Fig. 2b) . To reproduce this virtual osteotomy, patient-specific guides were designed, 3D printed and sterilized (Fig.  2c) . A modified Henry approach was performed. During surgery, the drill and saw guides were placed on the bone at the appropriate location and fixed with K-wires (Fig. 2d) . Then, the final screw holes were already pre-drilled using a printed guide. The intra-articular osteotomy was prepared by making several guided 1.2 mm drill holes along the deformity which was completed with a small osteotome. The extra-articular component of the osteotomy was made with an oscillating saw using a 3D-printed guide (Fig. 2e) . A standard plate was fixed into the pre-drilled holes, automatically producing the planned reduction. A splint was provided for two weeks, followed by a removable brace for four weeks. After cast removal, the patient could start with passive and active range-of-motion exercises. Post-operative radiographs and CT scan confirmed a good anatomic reduction (Fig. 2f) . The pain improved significantly after surgery (VAS 1/10) and the patient-rated QuickDASH decreased to 12.
Case 3
A 14-year-old boy sustained a midshaft fracture of the radius and ulna at the age of nine years, and was treated with closed reduction and cast immobilization for six weeks. He developed a malunion, with severe pain at the distal radioulnar joint (DRUJ) and a significant loss of forearm rotation (total arc of forearm motion 36°) (Fig. 3a) . A corrective osteotomy to restore normal anatomy was the treatment of choice. An additional informed consent from both the patient and the parents, for the use of 3D technology, was obtained.
Virtual corrective osteotomies of radius and ulna were planned, as well as a simulation of plate fixation (Fig. 3b) . Since standard plates did not fit on the corrected forearm bones, patient-specific plates were designed. A modified Henry approach was used for the radius and an approach along the subcutaneous border of the ulna. To reproduce this virtual osteotomy, patient-specific guides, as well as the patient-specific titanium plates, were 3D printed (Fig.  3c ). An upper arm cast was provided for two weeks. After cast removal, the patient started with passive and active range-of-motion exercises. Post-operative radiographs showed a good anatomical reduction (Fig. 3d) , and consolidation was reached after three months. The patient's function recovered completely, with pronation of 92° and supination of 98°.
Case 4
A 22-year-old woman had a complex distal humeral fracture, treated elsewhere with closed reduction and percutaneous fixation. After eight weeks the K-pins were removed, with subsequent collapse of the fracture. She developed a painful pseudarthrosis (Fig. 4a) , with a complete loss of elbow function and VAS 9/10. A new attempt at reduction and internal fixation had to be made, and an additional informed consent for the use of 3D technology was obtained.
Three-dimensional images of the non-united and contralateral distal humerus were produced (Fig. 4b) , and the mirrored version of the healthy contralateral side was superimposed on the non-united side. The bone fragments were reduced into their anatomical position, and plate fixation and screw orientation were virtually determined (Fig. 4c) . To reproduce the planned reduction, patient-specific instruments and plates were printed and carefully positioned during surgery through a classical posterior approach of the distal humerus (Fig.  4d) . A splint was provided for two weeks. After cast removal, the patient could start with passive and active range-of-motion exercises. Post-operative radiographs showed a good alignment of the elbow joint (Fig. 4e) and bony consolidation was acheived after approximately four months (Fig. 4f) . Continued physiotherapy was necessary to regain a functional arc of motion of 30-100° of flexion and extension, with a pos-toperative VAS score of 2 at two years of follow-up.
Discussion
Our most important finding with this new technology is that it facilitates restoration of normal anatomy, especially in complex deformities of the upper limb. It allows an accurate, reproducible and safe correction, and it reduces operation time, blood loss volume and radiation exposure during surgery. 8, 10, [11] [12] [13] The incidence of upper limb injuries caused by highenergy trauma has increased, leading to a rise in number of complex fracture patterns. 12, 13 Improper initial treatment of upper limb fractures can lead to non-union or malunion, the most common serious complications, which can lead to pain, continuous swelling, decreased range of motion, reduced strength, instability of the adjacent joint, cosmetic deformity and nerve palsy. 2, [18] [19] [20] [21] [22] Although the final indication to perform corrective surgery is based on these clinical symptoms, improved visualization of the deformity will allow better planning of surgical correction. There is very little literature available that directly compares the results of 3D-assisted techniques with more conventional planning techniques. However, there is evidence that especially complex deformities of the upper limb will benefit from the use of 3D technology and the use of patient-specific guides. 12, 14, 20 Approximately 5-10% of scaphoid fractures treated conservatively with cast immobilization develop nonunion. 26 Additionally, scaphoid non-unions will also occur in an unknown number of unrecognized scaphoid fractures. Treatment of a scaphoid non-union is necessary as it leads to significant degenerative changes in the wrist. 26 The use of 3D technology in the presented case of scaphoid non-union was made to evaluate the important rotational deformities. It also allowed us to measure the residual bony defect and harvest an autologous bone graft accordingly. Schmidle et al showed in an anatomical study that in scaphoid fractures the best reference values to assess malrotation were with a 3D CT model of the opposite side, which may influence anatomical reconstruction of scaphoid fractures. 28 Approximately 5% of distal radius fractures 1 lead to malunion for which surgical reconstruction may be Fig. 4d To reproduce the planned reduction, bone models and patient-specific instruments are three-dimensionally printed. indicated. These are often complex three-dimensional deformities, with joint involvement, and precise planning and surgical reconstruction of normal anatomy can be problematic. When conventional techniques are used to correct distal radius malunions, the radiological parameters are only corrected precisely in 40% of cases. 18 Large randomized trials are missing, but there is growing evidence that the use of 3D technology leads to a better clinical and radiographic outcome following corrective surgery for malunion 14, 23 . Buijze et al compared both techniques in a randomized trial for distal radius correction and confirmed a significantly better radiographic outcome in favour of the 3D-planned and guided group. 24 There was also a trend towards better PROMs, but these parameters did not reach statistical significance, which could be attributed to a lack of power of the study. We recently prospectively reviewed 30 patients in our unit, treated with a 3D corrective osteotomy of the distal radius, and found an overall improvement of wrist function, grip strength and pain. Furthermore, the patient-rated DASH score improved significantly. Radiological parameters were corrected in 73%, and there were no outliers (> 10% difference between planned and final radiographic correction). 25 In patients with intra-articular deformities of the distal radius, 3D technology may help limit the need for salvage procedures as it can reliably restore articular congruency in these complex cases. 22 Approximately 4-35% of paediatric forearm fractures 15,16 treated conservatively lead to malunion, which may cause pain or instability in the DRUJ as well as a rotational impairment. Malunions of the forearm are often complex multiplanar deformities, and precise restoration of the anatomy of both bones is needed to restore forearm rotation. Bauer et al reviewed children with limited forearm rotation and DRUJ pain or instability. With the use of 3D technology the mean maximum angulation at the deformity of the radius and ulna improved significantly, and the main arc of pronation and supination improved from 101° to 132°. 29 Byrne et al reported on a series of forearm corrections using 3D-printed titanium plates, and obtained precise radiographic corrections and good clinical results. 21 They also found significant improvement in pain, grip strength and forearm supination. Miyake et al 30 and Murase et al 31 showed similar results in terms of accuracy.
Malunion of supracondylar fractures occurs mainly in children and arises in 4-58% of cases 17 . Robinson et al showed a non-union rate of 4.5% in complex distal humeral fractures (type C according to the AO classification) after surgery, and 37.5% after non-operative treatment. 27 Yang et al showed a higher elbow function score using 3D-printing technology for the treatment of complex elbow fractures compared with conventional techniques. 12 Furthermore, patients gave high satisfaction scores when 3D-printed models were used to explain the patient's condition, improving patient compliance with the surgeon's recommendations. 12 In addition to a more precise visualization of the deformities and virtual planning of the reconstruction, computer planning software also allows pre-operative selection of the most appropriate fixation plate, and positioning of the plate and screws at the correct location. This may decrease the risk of soft tissue complications, caused by mal-positioning of hardware. In most cases, standard fixation plates can be used, and when small adjustments in shape are necessary, the plates can be pre-bent on anatomical models before the procedure. In cases with more complex anatomy, the use of printed patient-specific fixation plates may be preferred. It allows the design and fabrication of a plate that fits perfectly on the anatomy of the bone which facilitates the final correction of the deformity. Specific features, such as plate shape, thickness and screw position can be adjusted as needed in each specific case.
One of the major disadvantages of the 3D technique is the additional cost, which depends largely on the application that is needed. Although most radiology departments can provide 3D rendering, 3D evaluation and planning require specific computer software. The working hours of a dedicated clinical engineer need to be included, as well as the cost of 3D printing of the models and instruments. Affordable 3D printers are available that can print in medical grade resins, but for printing in polyamide or metals such as titanium, complex and expensive equipment is needed. Whereas some units that specialize in the use of 3D technology will have the ability to set up an in-hospital 3D-printing lab, others will need to co-operate with commercial companies that offer these services and will charge for it. 14 Three-dimensional printing, even in a hospital setting, is time-consuming and usually done overnight. For these reasons, the use of 3D technology is not yet adapted for use in real emergency settings. 9, 11, 13 In our unit, we often use 3D technology for fractures as a diagnostic tool, which is different from the technology used for planning malunion correction.
Other drawbacks include the exposure to radiation during CT-scanning, the inability to differentiate bone details smaller than 0.8 mm, 9 and the lack of available information on soft tissues and neurovascular structures.
Conclusions
Three-dimensional technology can assist surgeons at different stages in the treatment of complex upper limb problems. It allows 3D visualization of pathology, 3D printing of anatomical models, virtual planning of surgical procedures and fabrication of patient-specific instruments and implants. There is growing evidence of the clinical benefits of this technology. Further technical developments and clinical investigations are necessary to better define the added value and cost/benefit relationship of 3D in the treatment of complex fractures, nonunions and malunions.
